Extremophiles are micro-organisms adapted to survive in ecological niches defined as 'extreme' for humans and characterized by the presence of adverse environmental conditions, such as high or low temperatures, extreme values of pH, high salt concentrations or high pressure. Biomolecules isolated from extremophiles possess extraordinary properties and, in particular, proteins isolated from extremophiles represent unique biomolecules that function under severe conditions, comparable to those prevailing in various industrial processes.
INTRODUCTION
The discovery that many organisms, called extremophiles, live and thrive in environments considered extreme for human life (i.e. high temperatures, often above 1008C, extreme pH values, presence of high salt concentrations) led to a great interest in these organisms and their biomolecules. In fact, proteins and enzymes isolated from extremophiles are considered useful for a variety of applications, due to their extraordinary properties to work in hostile conditions. From a phylogenetic point of view, extremophiles belong to the kingdom of Archaea, one of the three domains of life, in addition to the domains of Bacteria and Eukarya. The discovery of extremophiles suggested a new hypothesis on the origin of life, due to the fact that the extreme conditions in which they live are considered to be very close to the ones present on Earth 4 billion years ago (Di Giulio 2003). As we learn more about the extreme conditions at which life can survive and thrive, more of these extremophiles are brought into culture and their genomes sequenced. Extremophiles are classified on the basis of the particular extreme conditions in which they live. In particular, there exist (i) thermophilic and hyperthermophilic organisms, living at high (up to 758C) and very high temperatures (up to 1158C), respectively, (ii) psychrophilic organisms, living at very low temperatures, (iii) acidophiles and alcalophiles, living at extreme acidic or basic values of pH, respectively, and (iv) halophilic organisms, living in the presence of high salt concentrations (5-30%). There are also extremophilic organisms able to live in the presence of high metal ion concentrations (metallophiles), or high radiation levels (radiophiles), or in the absence of oxygen.
Many research laboratories have focused their attention on the study of the strategies adopted by extremophilic organisms to colonize such extreme environments. Psychrophiles, for example, adapted at low temperatures, are able to synthesize cold-adapted enzyme courses and produce molecules that reduce the freezing point of water, in order to ensure the normal course of cellular chemical processes at the cold temperatures of the environment. Furthermore, these enzymes have evolved a range of structural features that confer a high level of flexibility compared with thermostable homologues. High flexibility, particularly around the active site, is translated into low-activation enthalpy, low-substrate affinity and high specific activity at low temperatures (Cavicchioli 2006; Siddiqui & Cavicchioli 2006) . Halophiles, organisms that survive in the presence of high salt concentration, are able to keep the concentration of ions constant in the cell by enhancing potassium content and taking sodium ions out of the cell (Rensing 2005) . A comparison of the aminoacidic composition of proteins reveals that halophilic proteins are more acidic than their mesophilic counterpart. This is due to the presence of negative charges on their surface that allows a higher surface hydration, so that preventing high saline concentration causes protein aggregation phenomena. Acidophiles can live at extremely acid pH values (0-1), normally forbidden for cell life (Matin 1999) . These organisms are able to keep their own cellular pH at a value near to neutrality, by two special regulation mechanisms. In addition, this class of organisms is able to fortify the membrane against the hostile outer environment, by a biofilm in order to prevent the diffusion into the cell, for example, or through the incorporation of fatty acids to protect the cell. Other strategy is represented by an active mechanism based on a pump that ejects hydrogen ions out of the cell, helping to keep constant the inner pH. Alcalophiles live at extremely basic pH values (10-12). Like acidophiles, they possess mechanisms of pH regulation to remain close to neutrality.
Extremophilic micro-organisms represent a potentially valuable resource in the development of novel biotechnological processes. Most applications involving extremophiles are based on the use of their biomolecules, in particular their enzymes. In fact, enzymes from extremophilic micro-organisms represent versatile tools for sustainable developments in a variety of industrial applications, as they show important environmental benefits due to their biodegradability, specific stability under extreme conditions, improved use of raw materials and decreased amount of waste products. These enzymes are already in use as biocatalysts in industrial processes (Sthal 1993; Jaenicke et al. 1996) . Among the extremophiles, thermophilic and hyperthermophilic micro-organisms are probably the most studied organisms. The enzymes that have been isolated from these micro-organisms are extremely thermostable and usually resistant to the action of chemical denaturants, detergents, chaotropic agents, organic solvents as well as to the exposure to extreme values of pH (Nucci et al. 1995; D'Auria et al. 1996 D'Auria et al. , 1998 . As a consequence, they can be used as biomolecule models for designing and constructing proteins with new properties that are of interest for industrial applications (Cowan 1992) . Moreover, the unusual properties showed by thermophilic enzymes prompted their use as protein models for addressing a number of fundamental problems in understanding the determinants of protein stability (Van den Burg et al. 1998).
APPLICATIONS OF THERMOPHILIC ENZYMES IN BIOTECHNOLOGY
Biotechnological applications of enzymes are often hampered by their low stability to heat, pH, organic solvents and proteolysis (Sthal 1993 , Shoichet et al. 1995 . Many attempts have been made to improve the stability of current commercial enzymes, as well as to establish guidelines for improving the stability of proteins and enzymes Rabinovitch et al. 1982; Amato 1992 (Robinson et al. 1992 ). The most wellknown example of a successful application of a thermophilic enzyme is Taq DNA polymerase isolated from Thermus aquaticus (Chien et al. 1976; Kaledin et al. 1980) . The use of this enzyme allowed the automation of PCR technology, with a great advantage for research laboratories and industries. Other widespread biotechnological applications of thermophilic enzymes include the utilization of amilase for the production of glucose and xylanase to whiten paper. It is also important to name enzymes isolated from psychrophiles, such as lypases, proteases and cellulases, which have been used as additives for the preparation of detergents working at low temperatures, or as additives in the frozen food industry. Furthermore, thermophilic enzymes have been used for the construction of optical nanosensors, stable and non-consuming analyte. These innovative devices are based on the ability of thermophilic enzymes to bind the substrate at room temperature, without transforming it. (Staiano et al. 2005) . The binding of substrate to thermophilic enzyme is monitored as fluorescence variations of the enzyme. In fact, fluorescence detection, due to its simplicity and sensitivity, is the dominant analytical tool in medical testing, biotechnology and drug discovery. In the 1980s, fluorescence probes for specific analytes became available (Lakowicz 1995; Spichiger-Keller 1998; Wolfbeis 2000) . Some of these sensing fluorophores are relatively simple, as illustrated by quinoline probes that are collisionally quenched by chloride (Verkman et al. 1989; Biwersi et al. 1994) ; however, the molecular complexity of the sensors quickly increases if analyte binding is required to cause a spectral change. For example, the fluorophores specific for calcium are structurally complex and only a few display spectral shifts upon binding calcium (Tsien et al. 1985) . As a consequence, the development of specific sensors for social relevant analytes is even more challenging. Indeed, it is difficult to imagine how a fluorescent probe could be designed that specifically binds pyruvate, lactate or creatinine. Even if a suitable structure could be designed and synthesized, there is no guarantee that the final molecule will display a spectral change, adequate water solubility and a suitable affinity constant. A solution to this problem could be the use of proteins and enzymes as specific sensors for biochemical analytes (Gilardi et al. 1997; Miyawaki et al. 1997; Romoser et al. 1997) . In the following sections some examples of the use of enzymes from thermophiles as probes for the realization of fluorescence biosensors are presented.
GLUCOSE SENSING
Close control of blood glucose is essential to avoid the long-term adverse consequences of elevated blood glucose, including neuropathies, blindness and other sequelae (The Diabetes Control & Complications Trial Research Group 1997; 1993) . Non-invasive measurements of blood glucose have been a long-standing research goal. Such a capability would immediately allow the development of a variety of devices for diabetic health care, including continuous painless glucose monitoring, control of an insulin pump, and warning systems for hyper-and hypoglycemic conditions. At present, the only reliable method to measure blood glucose is by a finger stick and subsequent glucose measurement, typically by glucose oxidase (Ervin & Kiser 1999 ). This procedure is painful and even the most compliant individuals, with good understanding and motivation for glucose control, are not willing to finger stick themselves more than a few times per day. The use of manipulated enzymes as probes for the design of implantable and non-consuming glucose fluorescence biosensors represents a topic of high interest. Recently, we have demonstrated that the coenzyme-depleted glucose oxidase from Aspergillus niger is still able to bind glucose with the same efficiency than the native enzyme, but it is not able to transform the glucose. We have also showed that it is possible to monitor the binding of glucose to the coenzyme-depleted glucose oxidase by fluorescence spectroscopy methodologies (D'Auria et al. 1999 (D'Auria et al. , 2000a .
If a reliable fluorescence assay for glucose could be developed, then the robustness of lifetime-based sensing (Szmacinski & Lakowicz 1994 , 1995 could allow development of a minimally invasive implantable glucose sensor or a sensor which uses extracted interstitial fluid. The lifetime sensor could be measured through the skin (Bambot et al. 1995 ) using a red laser diode or light-emitting diode (LED) device as the light source. These devices are easily powered with batteries and can be engineered into a portable device.
Unfortunately, the process of the Flavin Adenine Dinucleotide (FAD) depletion from the structure of the glucose oxidase from A. niger makes the coenzymedepleted glucose oxidase not stable with respect to the storage conditions as well as its long-term utilization. As a consequence, the utilization of enzymes from thermophiles could solve the problem of long-term protein stability and allow the design of an implantable and nonconsuming glucose sensor (D'Auria et al. 1999).
A thermostable glucokinase from the thermophilic organism Bacillus stearothermophilus
A thermostable glucokinase from the thermophilic organism Bacillus stearothermophilus (BSGK) was studied for use as a reversible glucose sensor (D'Auria et al. 2002) . This protein has already been used as an active enzyme in glucose assays (Scott et al. 1990; Tomita et al. 1995) . In this work, no ATP was added to the enzyme solution, so that it could not transform glucose.
The reaction catalysed by the enzyme is as follows:
The interaction with substrate was investigated by means of fluorescence polarization measurements. Polarization sensing provides a method by which a change in intensity is observed as a change in polarization. This can be accomplished using either a polarized reference film Lakowicz et al. 1999 ) or a protein sample in the absence of analyte as a reference . The principle of the measurement is shown in figure 1. Two solutions are placed side by side. The reference (R) solution observed through a vertical polarizer contains the protein without any glucose. The sample (S ) observed through a horizontal polarizer contains the protein with various concentrations of glucose. The measured polarization depends on the intensity of the sample relative to the reference. If the sample intensity is very low, the polarization approaches 1.0. On the contrary, if the emission from the sample dominates, the polarization approaches K1.0. Hence, a wide range of polarization values can be available, resulting in a wide dynamic range for the sensor. It is important to note that polarization-based sensing can be accomplished without a change in the polarization of the sample. This result is obtained because the polarizers on the emission side of the sensor provide polarized light from sample and reference. For use as a sensor, the protein must display a good long-term stability. In order to check the stability properties of BSGK, a solution of the enzyme (enzyme concentration 1.0 mg ml K1 ) was incubated at room temperature. Enzyme aliquots were withdrawn, and the enzyme activity, as well as the fluorescence intensity, was monitored. As shown in figure 2, yeast hexokinase (YHK) lost the enzyme activity after few days of incubation at room temperature. In contrast, BSGK did not lose the enzyme activity over two weeks of incubation at room temperature (Tomita et al. 1990 ). The emission intensity of the indolic fluorescence of BSGK also remained constant, indicating no changes in the enzyme structure over two weeks of incubation at room temperature.
BSGK has a single cysteine residue located near the active site (D'Auria et al. 2002) . This residue was labelled with the sulphhydryl-reactive fluorophore 2-(4-(iodoacetamido)anilino)naphthalene-6-sulphonic acid, IA-ANS. The emission of the labelled protein was near 460 nm. The emission intensity of the ANS-labelled protein decreased upon addition of glucose. The decreased intensity was interpreted as the displacement of the water sensitive ANS into the aqueous phase upon binding glucose. The change in intensity occurred near 3 mM, which is comparable to the concentration of glucose in the blood. From these conclusions it has been possible to affirm that BSGK binds glucose in the absence of ATP and can thus serve as a non-consuming glucose sensor. For highly accurate glucose measurements, the fluorescence lifetimes were examined to determine if a change occurred upon glucose binding. Unfortunately, ANS-labelled BSGK displayed no change in lifetime upon glucose binding. Hence, an alternative method to use BSGK as a glucose sensor was considered. Resonance Energy Transfer (RET) reliably occurs whenever fluorescent donors and acceptors are in close proximity (Lakowicz 1999) . A method to use RET to develop a competitive glucose assay was studied. To demonstrate the feasibility of a competitive glucose assay, the unmodified protein and its intrinsic tryptophan emission as the donor were used. As the acceptor glucose containing the absorbing nitrophenyl group, o-nitrophenyl-b-D-glucopyranoside (ONPG; figure 3 ) was used. Figure 4 shows the intrinsic tryptophan emission of BSGK. The addition of ONPG (3 mM) resulted in an approximate 80% decrease in the tryptophan intensity. The addition of glucose resulted in the recovery of the fluorescence intensity. At approximately 6 mM glucose concentration, fluorescence intensity returned to its initial value before the addition of ONPG. Further addition of glucose did not change the fluorescence signal. The fact that the intensity was sensitive to glucose demonstrated that the intensity changes were due to a binding event and not to trivial inner filter effects from ONPG. Polarization sensing is accomplished by constructing a sensor, such that a stable intensity reference is observed through one polarizer and the sample is observed through a second orthogonal polarizer. One such configuration is shown in figure 1 . In this case, the reference we used was BSGK solution, which could be expected to display similar temperature-, time-or illumination-dependent changes as the sample. To optimize the sensor response, the reference intensity was approximately 65% of the sample response, as calculated for an expected two-to threefold intensity change (data not shown). This reference was observed through a horizontally oriented polarizer. The sample contained BSGK, ONPG and various concentrations of glucose, and it was observed through a vertically oriented polarizer. The emission from both sides of the sensor was then observed through a vertically and horizontally oriented polarizer in order to measure polarization of the system. Figure 5 shows the observed polarization of the system for BSGK-ONPG at different concentrations of glucose. An advantage of polarization measurements for sensing is that they are self-normalized and thus independent of the overall intensity of the sensor. The results of this study demonstrated that a thermostable glucokinase can serve as a glucose sensor. Additional studies are needed to obtain a BSGK-based sensor that displays larger spectral changes. For example, it would be worth to check the use of fluorophores other than IA-ANS to obtain larger intensity changes, spectral shifts or changes in lifetime. The results in the competitive RET were especially interesting, because RET is a through-space interaction that occurs whenever the donor and acceptor are within the Forster distance (R 0 ) and does not require a conformational change and/or a change in the probe environment. Since the measurements through the skin can be easily performed by using a red laser diode or a LED as an excitation source, one may envision a polarization-based device with an external calibrated standard (Gryczynski et al. , 2000 that will allow non-invasive glucose determinations. The main advantage of using this method is the obtainment of ratiometric polarization measurements that are not influenced by light instability and sample perturbation. 
Glucose dehydrogenase from the thermoacidophilic archaeon Thermoplasma acidophilum
The potential application of glucose dehydrogenase (GD) from the thermoacidophilic archaeon Thermoplasma acidophilum for glucose sensing was investigated by D'Auria and co-workers (D'Auria et al. 2000a). This enzyme catalyses the following reaction:
The study was based on the use of the thermophilic enzyme under conditions where no reaction occurs and no substrate is consumed. To prevent the glucose oxidation, no NAD(P) was added to the enzyme solution. In these conditions, the enzyme is still able to bind the substrate with an affinity comparable to that of the holo-enzyme. 8-Anilino-1-naphthalene sulphonic acid (ANS) is known to be a polaritysensitive fluorophore, which is able to bind proteins with an increase in fluorescence emission intensity. The effects of GD on the emission intensity of ANS were examined. A moderate enhancement was found, but the ANS intensity remained low compared with other ANS-protein complexes. Also, the addition of glucose to this GD-ANS complex did not change upon addition of glucose. Being a thermophilic protein, GD is rigid under mesophilic conditions; while it displays increased activity at higher temperatures or in the presence of non-polar solvents (D'Auria et al. 1998), conditions are expected to increase the protein dynamics. The addition of acetone to the solution containing ANS and GD resulted in a dramatic increase in the ANS intensity (figure 6) as well as in a blue shift of the emission maximum (data not shown). To be useful as a glucose sensor, the ANSlabelled GD must display usefully large spectral changes in the presence of glucose. The addition of glucose to ANS-GD in the presence of 3% acetone resulted in an approximate 25% decrease in intensity (figure 7). This seemed to be the optimal acetone concentration because smaller spectral changes were seen at lower and higher acetone concentrations.
The observed behaviour was studied to understand if the glucose-dependent decrease in intensity would be accompanied by a similar change in the ANS decay time. The frequency-domain intensity decays of ANS-GD are shown in figure 8. Glucose induced a modest shift in the response to higher frequencies, which indicated a decrease in the mean decay time. In the presence and absence of glucose, the data analysis indicated that the decay was dominated by a subnanosecond component whose contribution is increased by glucose. However, the changes in the intensity decay, or the equivalent phase and modulation, were not adequate for lifetime-based sensing. Polarization sensing was also investigated to explain the observed changes. The polarization decreased at higher glucose concentrations, because the emission from this solution was observed through the horizontal polarizer. Moreover, the change in polarization was larger at shorter wavelengths, and this is due to Review. M. Champdoré et al. 187
the differences in the emission spectra of reference (ANS in buffer) and sample (ANS-GD). The wavelength-dependent changes in polarization were used to create a calibration curve for glucose ( figure 9 ). This curve shows that the present ANS-GD system can yield glucose concentrations of approximately G 2.5 mM, at a glucose concentration near 20 mM. In spite of the difficulties in realizing a glucose sensor by using GD, due to the non-covalent binding of the enzyme with ANS which can lead to calibration curve alteration in cases of concentration changes, and to the presence of an organic solvent such as acetone, this study demonstrated that enzymes which use glucose as their substrate can be used as reversible and non-consuming glucose sensors in the absence of required cofactors. It is worth highlighting that there are over 400 reactions catalysed by dehydrogenase enzymes. Usually, these reactions are catalysed by coenzyme-enzyme complex. It is of high interest to check if some of these reactions can also take place in the absence of coenzyme. This could open a new perspective in the biosensor design.
CATION SENSING: A THERMOSTABLE ENZYME AS A PROBE FOR SODIUM SENSING
Measurements of sodium and potassium in the blood are a routine part of clinical blood analysis. Fluorescent probes for sodium are known (Minta & Tsien 1989; Oguz & Akkaya 1998; Smith et al. 1998) . It would be valuable to have simple optical methods for rapid pointof-care testing especially for potassium, which is measured during hypertensive screening. A variety of fluorescence probes have been developed that respond to sodium and/or potassium. Most of these responses are based on partially selective binding of these cations to crown ethers (Pedersen 1988 ). These probes typically display association constants suitable for intracellular measurements when sodium and potassium concentrations are near 6 and 120 mM, respectively. In the blood, the extracellular concentrations of sodium and potassium are near 140 and 4 mM, respectively. Consequently, measurements of these ions in the blood are particularly difficult, given the 25-fold excess of chemically similar sodium ions. The sensing of sodium was investigated using the enzyme pyruvate kinase (PK) from Bacillus acidocaldarius (D' Auria et al. 2000b) . This enzyme (ATP-pyruvate 2-O-phosphotransferase, EC 2.7.1.40) catalyses the essentially irreversible transphosphorylation from phosphoenolpyruvate to ADP, a reaction that requires magnesium and potassium ions (Gupta et al. 1976; Gupta & Mildvan 1977; Baek & Nowak 1982) . However, although the vast majority of pyruvate kinases studied to date requires activation by monovalent cations, some microbial pyruvate kinases lack this property (Benziman 1969; Ozaki & Shjio 1969; Liao & Atkinson 1971; Waygood et al. 1975; Jetten et al. 1994) . As demonstrated by Larsen et al., the pyruvate kinase from Corynebacterium glutanicum and Escherichia coli do not require K C for activation. These enzymes are characterized by the replacement of Glu 117-Lys 117 in the cation-binding site. The proximity of Glu 117 to the potassium-binding site in the rabbit pyruvate kinase, and the conservation of the binding site in the two bacterial enzymes, which lack a dependence on monovalent cations, suggested that a protonated 3-amino group of Lys 117 in these bacterial enzymes may provide an internal monovalent cation (Larsen et al. 1997) . This suggested that pyruvate kinases from other thermophilic organisms may show specific binding of sodium or potassium. PK was isolated from Bacillus acidocaldarius and its affinity to sodium was studied by means of fluorescence experiments. The steady-state emission spectrum of PK (data not shown) displays a maximum characteristic of partially shielded tryptophan residues. The steady-state intensity of pyruvate kinase decreases by approximately 25% upon saturation with sodium. The cation-dependent intensities were used to determine the apparent cationbinding constants of pyruvate kinase, as shown in figure 10 and table 1. By mathematically fitting data, it was clear that K C binding is very weak. This result is in agreement with the probable substitution of a lysine at position 117, which serves as an internal cation (Larsen et al. 1997) . Mg 2C and Ca 2C also caused a decrease in (table 2) revealed that only sodium is present in concentrations adequate to alter the emission intensity of pyruvate kinase. Hence, this pyruvate kinase, or this pyruvate kinase labelled with an extrinsic fluorophore, may provide a protein biosensor specific for sodium. The intrinsic tryptophan decay of pyruvate kinase change upon binding of cations was also investigated. The frequency responses with Na C shifted to higher frequencies were also investigated, which reflected a decrease in the mean lifetime upon sodium binding (table 3) . The frequency response of PK in the presence of potassium was also examined. In this case, the intensity decay was essentially unchanged at 200 mM K C (data not shown) in agreement with the absence of an intensity change, as shown in figure 10 . The effects of sodium binding on the intensity decay of PK were observed by examining the Na C -dependent amplitudes in the presence of K C . In all cases, a Na C -dependent decrease in the amplitudes of the two longer decay times of 2.6 and 6.7 ns and an increased amplitude of the short component with a 0.47 ns decay time were observed. The apparent Na dissociation constants for PK were calculated. The dissociation constant was found to be near 15 mM, and it decreased on increasing the potassium concentration. The absence of a strong effect of potassium over a wide range of concentrations indicated that PK can be used as a sodium sensor without significant interference from potassium. The utilization of this thermostable enzyme is of fundamental importance for the development of an optical method for rapid point-of-care testing for these analytes, which are measured during hypertensive screening.
CONCLUSIONS
The steady increase in the number of newly isolated extremophilic micro-organisms and the related discovery of their enzymes document their enormous potential within the scientific field. Extremophilic enzymes have become model systems to study enzyme evolution, enzyme stability and activity mechanisms, protein structure-function relationships and biocatalysis under extreme conditions. In particular, enzymes from thermophiles and hyperthermophiles possess a great potential for biotechnological applications, due to their high resistance not only to temperature, but also to chemical, organic solvents and extreme pH values. Analyses of clinical interest, such as the determination of analytes in the blood, could find an answer by the use of thermophilic enzymes as the recognition element of the sensing system. Particularly, relevant in this field of research are the glucose concentration determination in the blood of diabetic patients and the sodium sensing in the blood, without potassium interference. The binding Figure 10 . Steady-state fluorescence titration curves of pyruvate kinase from Bacillus acidocaldarius.
Review. M. Champdoré et al. 189 between the enzyme, inactivated by depletion of the cofactor required for the catalytic activity to avoid substrate consumption, and the substrate can be monitored by sensitive and simple analytical techniques, such as fluorescence spectroscopy. Although many fluorescent probes have been synthesized ad hoc for the sensing of analytes of interest, the sensitivity, substrate specificity and stability required to realize a working sensing system often are not easily achievable through chemical synthesis of simple molecules and require the utilization of thermostable biomolecules as probes for the development of biosensors.
In conclusion, the utilization of coenzyme-depleted enzymes, when labelled with suitable fluorophores, has high potential in biotechnology, opening new perspectives in clinical diagnosis as well as in all the applications requiring the use of sensors with high specificity and/or a non-consuming substrate. The use of the possibility of thermostable apoenzymes for reversible sensors greatly expands the range of social relevant analytes, which can be easily measured. In fact, a survey of the genomes of thermophiles looking for e.g. oxidases could highlight the availability of new stable enzymes for its use in the design of innovative biosensors.
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